A new three-dimensional (3-D) geometric channel model is proposed with multiple degrees of freedom in its scattering volume geometry, which enables accurate modeling of realistic propagation scenarios for emerging Machine-to-Machine (M2M) wireless networks. Analytical expressions for the joint and marginal statistics in delay and angular domains are derived and we present the impact of various physical channel parameters such as link distance, antenna heights, size and position of scattering region, as well as shape and orientation of scattering region on delay and angular spread of the proposed model. The derived analytical results are validated with simulations and are also shown to provide a good fit to published empirical data-sets. Relative to existing models, the proposed model is shown to more accurately adapt to different propagation environments envisioned for emerging communication scenarios such as in indoor pico-cellular and Vehicle-to-Vehicle (V2V) communication applications. A Tunable 3-D Statistical Channel Model Nawaz et al.
INTRODUCTION
Significant research interest has been recently devoted to emerging paradigms of wireless networks encountered in Machine-to-Machine (M2M) communications; these include application scenarios such as intelligent transport systems, smart metering, and remote health diagnostics [1, 2, 3] . and angular distributions has received significant attention in the literature, see for example [7, 8, 9, 10] and references therein. Angular and temporal characteristics of a radio propagation channel are necessary for a realistic performance evaluation and designing of a mobile radio communication system. The spread of a channel in temporal and angular domains helps in determining frequency and space selective nature of the channel, respectively. The angular spread quantified in terms of multipath shape factors (i.e., angular Spread, angular constriction and direction of maximum fading) helps in determining second order fading statistics of the channel; the second order fading statistics include, level crossing rate, average fade duration, coherence distance, and spatial correlation [11, 12] . Such characterization of fading statistics assists in devising efficient schemes at Tx and Rx nodes for interleaving, coding, and equalization algorithms.
Unlike conventional cellular systems that have BS antenna heights above or at rooftop levels, the antenna heights of M2M nodes are expected to be typically much lower than the surrounding scatterers such as buildings, trees, and other objects. For example in Vehicle-to-Vehicle (V2V) channels, which constitute a special case of M2M communications, this differing propagation environment has led to many investigations into appropriate twodimensional (2-D) and three-dimensional (3-D) models [13, 14, 15, 16, 17, 18] . In [13] , a uniform distribution of scatterers in circular regions is assumed around each MS and the ToA and AoA statistics are investigated. In [14] , a scattering model for V2V scenarios is presented in which the scatterers are confined to elliptical regions and closedform expressions for the distribution of AoA and ToA are derived. In [15] , a more general 2-D elliptical model is proposed for V2V channels by assuming the scatterers to be uniformly distributed within adjustable hollow ellipses around each MS and the distribution of the AoA at each MS is then derived.
Subsequent investigations have revealed that low
antenna heights of the communicating nodes result in signal reflections from nearby scatterers that are more elevated than the communicating antennas. This makes it necessary to include the elevation plane for an accurate description of the relevant propagation channels. In V2V channel modeling efforts, various 3-D channel models have been previously proposed for a more precise spatiotemporal description of the propagation scenario, see [16, 17, 18] and references therein. In [16] , a 3-D multiple-input-multiple-output model for V2V channels is proposed and the authors derive a closed-form joint space-time correlation function for the considered 3-D scattering environment; the effect of space-time correlation on outage capacity of different antenna array configurations is then studied. In [17] , a 3-D semiellipsoid model is proposed to effectively model V2V channels for urban street canyons. The scatterers are assumed to be uniformly distributed within semi-ellipsoids around each MS and the authors derive closed-form expressions for the AoA jointly in azimuth and elevation.
Furthermore, for various street orientations and different elevations of the scatterers the marginal probability density functions (PDFs) of the azimuth and elevation angles are also presented. In [18] , the temporal characteristics of a 3-D semi-ellipsoid geometrical channel model for V2V communications is presented. Assuming a uniform scatterer distribution around the MSs, the authors derive closed-form expressions for the joint PDF of the ToA and AoA in azimuth and elevation planes.
The present work is a generalization of the 3-D geometric channel modeling approach of [17, 18] Finally, Sec. IV concludes this work.
SYSTEM MODEL
The proposed model provides a high order of Degrees- 
The horizontal and Line-of-Sight (LoS) distance from N1 to N2 is d and dLoS, respectively.
One of the unique properties of an (oblate) ellipsoid is that the sum of distances from its (two) foci points to any point on its surface is the same. Exploiting this property, an ellipsoid (ξτ ) can be drawn corresponding to a certain propagation delay τ with its foci points at N1 (Tx) and N2 (Rx can be calculated from the given delay τ , as given under,
The origin of coordinate system is assumed at the base of communication node N1. The position of N1 and N2 can thus be represented in cartesian coordinates as (0,0,h1) and (d,0,h2), respectively. The scattering ellipsoids E1 can be expressed as,
The equation for scattering ellipsoid E2 is given as below,
The spherical coordinates system based representation can be obtained by using the transformation relationships, x = ρ cos βm cos φm, y = ρ cos βm sin φm, and z = ρ sin βm, where, ρ is the radial coordinate. The virtual bounding ellipsoid ξτ can be expressed in cartesian and spherical coordinates as under,
where the parameters kx and kz represent the shift from the origin (point k) of the ellipsoid ξτ to the origin (point o) of the coordinates system along x-axis and z-axis, respectively. These shifts can be expressed as,
The ESR is union of regions 
where β l = min(β − t1 , βt3). Similarly, the volume of ESR, Vτ max , for a known longest propagation path's delay, τmax, can be obtained by substituting τmax instead of τ in (10) .
The total accumulated volume of scattering solids can be computed as,
Derivation of Delay Statistics
The scatterers responsible for contribution towards a certain delay τ are located on the surface of ellipsoid ξτ .
The commutative distribution function (CDF) is defined as the probability that a scatterer is placed inside the virtual bounding ellipsoid ξτ corresponding to a certain delay τ .
For uniformly distributed scatterers, the CDF of ToA can be calculated from the ratio of, the volume of overlap scattering regions with virtual bounding ellipsoid Vτ , to the composite volume of whole scattering region V , [14] .
The ToA CDF can thus be expressed as,
The PDF of ToA can thus be calculated by taking differential of Fτ (τ ) with respect to delay τ , which is given as below,
The power delay profile (PDP) gives the intensity of a signal received through a multipath channel as a function of time delay. The PDP can be calculated from PDF of ToA as below,
where, Po is the power received by the LoS path. The Root Mean Square (RMS) Delay Spread (DS), (σrms), is the square root of the second central moment of the PDP, Pr(τ ), which is given below,
Derivation of Angular Statistics
The expressions for the joint and marginal PDF of AoA for the proposed generalized 3-D channel model are derived below. The Joint density function as a function of angles seen at N2 can be found as,
where the Jacobean transformation J(x2, y2, z2) can be found as, J (x2, y2, z2) = 1 ρ 2 cos β2 .
When the scatterers are uniformly distributed with in the defined scattering region with volume Vτ max , the scatterer density function can be written as,
Substituting (17) and (18) in (16) , the joint density function can be rewritten as,
The joint PDF of AoA for azimuth and elevation angles can be found by integrating (19) below,
The marginal PDF of elevation AoA is found by integrating (20) over φ2 for appropriate limits, as given below,
Similarly, the marginal PDF of azimuth AoA is found by integrating (20) over β2 for appropriate limits, as given belwo,
The derivations of parameters ρe, ρ2, ρτ , ρ + β 1 , ρ + β 2 and azimuth and elevation threshold angles φt1, φt2, βt1...βt4
can be seen in next sub-section.
The multipath shape factors (SFs) proposed in [11] and [12] are notable quantifiers to measure the spread of 2-D and 3-D angular data, respectively. Fourier coefficients are used to compute SFs for analyzing the PDF of AoA.
The κ th complex trigonometric moment of any angular distribution isRκ. For example, for p(α), (i.e., where α may be φ or β for azimuthal and elevational AoA), whose
Only first and second moments are used in characterization of the SFs. |R1| is the magnitude of first trigonometric moment. The SF angular spread, Λα, is given as below,
The angular spread SF measures the spread with a value between 0 and 1. A value close to 0 indicate that signals from a wider range of angles are received and a value close to 1 indicate a sharp angular spread. The other important SF angular constriction, γα, is defined as below,
The angular constriction shape factor measures the bias of angular data towards exactly two physical directions.
A value 1 indicates the extreme case of signals arriving exactly from two physical directions, and a value 0 indicate no bias towards two directions.
Derivation of Angular Partitions
A cross-section view of the scattering region for a certain azimuth and elevation angle of observation at node N2 is shown in Fig. 2 . The vertical distance from the origin of E1 to the antenna of N1 is denoted by he1 = h1 − z1.
Similarly, the vertical distance from the origin of E2 to the antenna of N2 is shown by he2 = h2 − z2. The difference between the elevation of the origin of E1 and antenna of N2 is shown by he3 = h2 − z1. Similarly, the difference between the elevation of the origin of E2 and antenna of N1 is shown by he4 = h1 − z2. A line originated from the node N2 in the direction of observation (given, φ2
and β2) intersects E2 at point ς2, E1 at points ς1 and ς ′ 1 , and ξτ at point ςτ ; the distance from N2 to these intersection points is denoted by ρ2, ρ + β1 and ρ − β2 , and ρτ , respectively. Mathematical expressions for these distances can be obtained by substituting the equation of the line into the equation of respective ellipsoid (E1, E2, or ξτ ) and solving for the radial distance. After performing tedious mathematical simplifications, the expression for ρ2, ρ + β1 , ρ − β2 , and ρτ are derived as given below,
where the parameters Ψ, a φ , c φ , and ρe2 are the geometric simplification parameters. Ψ can be expressed as given below,
The parameters a φ and c φ are the major and minor dimensions of a vertical 2-D ellipse ε φ formed at the vertical cross-section of ellipsoid E1 for a certain given azimuth angle (φ2) observed at N2.
where the parameter φe can be obtained as,
The origin of the vertical 2-D ellipse ε φ is labeled as w φ in Fig. 2 . The horizontal distance from N1 and N2 to the point w φ is denoted by ρe1 and ρe2. These distances can be obtained as,
.
The length of line drawn from N2 to the intersection points on ellipse ε φ at an elevation of z1 is denoted by ρ + φ1 and ρ − φ2 . The simplified solution can be expressed as,
Similarly, the length of line from N2 to the intersection points with ε φ formed at any arbitrary elevation z can be obtained by replacing the dimensions a1 and b1 with a1,z and b1,z in the above equation. The parameters a1,z and b1,z represent the major and minor dimensions of the horizontal cross-section of E1 formed at an height z; which can be expressed as,
Azimuth threshold angles to differentiate among the by φ + t1 and φ − t2 . These angles are subtended by the lines originated from N ′ 2 (projection of N2 at a certain elevation z) to the tangent points Tz and T ′ z , see Fig. 3 at the surface of E1 for an elevation z = z1. Simplified mathematical expression for these angles can be expressed as given below,
Similarly, the azimuth threshold angles formed at any arbitrary elevation z can be obtained by replacing the and T ′ φ1 at the vertical ellipse ε φ are denoted by β + t1 and β − t1 ; these angles can be expressed as,
The intersection points of vertical 2-D ellipse ε φ and ground plane are labeled by j φ and r φ , see Fig. 4 . The angles formed with the line drawn from N2 to these intersection points are denoted by βt2 and βt3, which can be expressed as given below,
Similarly, the elevation angle formed with the intersection point s φ of the vertical slice of scattering region around N2 with the ground plane is denoted by βt4, which is given as under,
where the parameter ρ + φ1,b and ρ − φ2,b represent the horizontal distance from N2 to the intersection points r φ and j φ , recall Fig. 4 . These parameters can be obtained from (35) by substituting a1 = a1,z, b1 = b1,z, and z = −z1. parameters on statistical characteristics of multipath signals in delay and angular domains is presented.
RESULTS AND DISCUSSIONS

Delay Statistics
The spread of multipath signals in the delay domain leads to frequency selectivity of the channel. The measure of delay-span alone is not sufficient to provide realistic picture of multipath delay spread; therefore, it is necessary to consider both the delay-span and the peak(s) of the ToA distribution to quantify the delay spread. The definition of RMS-DS is the most favorable quantifier in the literature to gauge the spread of multipath waves in delay domain.
The relationship between delay-span and RMS-DS for the proposed channel model is demonstrated in Fig. 5 (a) ,
where the impact of path-loss exponent is also shown. The On the other hand, in densely populated and low BS antenna height outdoor and indoor environments (i.e., micro-cellular and pico-cellular), the effective scatterers are concentrated around both the ends of the link.
Angular Statistics
It is observed that the change in scattering volume around Fig. 12 (a) is studied on the base of these shape factor quantifiers.
The angular spread of the mutipath waves with respect to the horizontal link-distance and maximum considered excess delay is plotted in Fig. 13 (a) AoA discussed above is illustrated in Fig. 16 . The two curves show the contribution of observing-end and farend scattering objects in the PDF of azimuth AoA; the composite pdf of azimuth AoA can thus be obtained by adding these two.
Model Validation
Validation through Computer Simulations
In order to demonstrate the validity of the derived azimuth AoA, elevation AoA, and ToA statistics of the channel.
Validation through Empirical Data
A detailed comparison of the proposed analytical results with empirical data-sets available in the literature is presented to demonstrate the validity of the proposed model in Fig. 18, 19 , and 20 for ToA, outdoor AoA, and indoor AoA statistics, respectively. The discrete data samples of the empirical data-sets obtained for different outdoor propagation environments provided in [20, 21, 22, 23, 24, 25] There are various notable methods available in the literature, see e.g., [27, 28, 29] , which can be used to adopt the input geometric parameters for modeling a specific 3. An optimal value for each parameter from second category of the input parameters is set by minimizing the error in fitting by searching within the defined constraints.
Since, the variance of spread in the distribution is more important than the shape of distribution curves [12] ; therefore, the absolute difference of the true standard deviation (TSD) [12] and RMS-DS of the proposed analytical results with empirical data-sets is taken as goodness-of-fit metric for AoA and ToA results, respectively, to gauge the fitness in mapping. In Fig.   19 (a), the main lobe in the measurement data is caused by the far-end scattering region. The angular span of the main-lob can help in determining an appropriate value for the axes of far-end scattering volume compared to the link distance, i.e., d/a1. Its shape being similar to bellshape indicate an equal value for major and intermediate axes and a significantly higher value for minor axes of far-end scattering volume, i.e., a1 = b1 and c1 ≫ a1.
Furthermore, no (very minor) peaks in the tails of the curve indicate an equal and very small value for all the axes of observing-end scattering volume, i.e., a1 = b1 = c1 ≈ 0. In Fig. 19(b) and (e), minor lobs along the tails of distribution indicate a higher value for the ratio between major and intermediate axes of observing-end scattering volume, i.e., more elliptical-shaped base by setting a high value for a1/b1. Decrease in angular span and increase in sharpness of the peaks in tails can be ensured by setting a higher value for minor axis compared to major axis of observing-end scattering volume, i.e., increasing a1/c1. In Fig. 19(c) , a minor tilt in the main-lob can be adapted by setting the orientation of far-end scattering volume, i.e., −̺ ≤ θ1 ≤ +̺, where ̺ is a small value proportional to the level of tilt. In Fig. 19(d 
CONCLUSIONS
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